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Budding yeast septins are essential for cell division and polarity. Septins assemble as
palindromic linear octameric complexes. The function and ultra-structural organization of
septins are finely governed by their molecular polymorphism. In particular, in budding
yeast, the end subunit can stand either as Shs1 or Cdc11. We have dissected, here, for
the first time, the behavior of the Shs1 protomer bound to membranes at nanometer
resolution, in complex with the other septins. Using electron microscopy, we have shown
that on membranes, Shs1 protomers self-assemble into rings, bundles, filaments or two-
dimensional gauzes. Using a set of specific mutants we have demonstrated a synergistic
role of both nucleotides and lipids for the organization and oligomerization of budding
yeast septins. Besides, cryo-electron tomography assays show that vesicles are
deformed by the interaction between Shs1 oligomers and lipids. The Shs1–Shs1 interface
is stabilized by the presence of phosphoinositides, allowing the visualization of micro-
metric long filaments formed by Shs1 protomers. In addition, molecular modeling experi-
ments have revealed a potential molecular mechanism regarding the selectivity of septin
subunits for phosphoinositide lipids.

Introduction
At the plasma membrane, in budding yeast Saccharomyces cerevisiae, septins assemble into a collar-
shaped structure at the bud neck during cell division (Figure 1A). The collar splits into two individual
rings at the onset of cytokinesis after the remodeling of the ultrastructure of septins throughout cell
division [1,2]. Five mitotic septins are expressed [3,4] and self-assemble into rod-like conserved palin-
dromic hexamers Cdc12–Cdc3–Cdc10–Cdc10–Cdc3–Cdc12 capped by either Cdc11 or Shs1 septin
proteins at their ends [5–8] (Figure 1B). They possess a core guanine nucleotide-binding domain
(GBD) flanked by N- and/or C-terminal extension (CTE) of various lengths [9,10] (Figure 1B). They
further self-assemble into non-polar filaments [5,7,11]. The assembly of Cdc11 capped complexes has
been extensively analyzed both in solution and bound to membranes [12–14]. They form non-polar
paired filaments or bundles [5] and sheets of filaments on PI(4,5)P2 doped biomimetic membranes
[14] (Figure 1C, right). In solution and cell-free assays, Shs1 capped complexes interact laterally to
oligomerize into bundled rings (Figure 1C, left), spirals and into gauzes [7] but are poorly able to
associate end to end and thus to polymerize in solution [15]. In vivo, the GTPase activity of the
Cdc12 subunit is responsible for the incorporation of either Cdc11 or Shs1 [16]. Shs1 interacts prefer-
entially with Cdc12 bound to GDP while Cdc11 is found in complex with non-hydrolyzed
GTP-Cdc12 [16]. Hybrid protomers including both Cdc11 and Shs1 are not self-assembled [11].
Throughout the cell cycle, major reorganizations of septins are observed and are still not fully under-
stood. The molecular versatility of septins, incorporating either Shs1 or Cdc11 likely finely tunes the
remodeling of the septin architecture and affect the biophysical properties of the filaments [11]. It is
essential to dissect, in vitro, the behavior of the Shs1 proto-filaments in a biomimetic environment.
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Until now, in vitro studies describing the organization of the Shs1 capped octameric complex (designated as
Shs1oct in the text) of septins were carried out mostly in solution and at a rather low resolution [7] even
though, in vivo, septins interact with the inner plasma membrane. Recently, using TIRF microscopy, Shs1 com-
plexes were shown to assemble at a micrometer scale, into curved structures on a lipid bilayer [11]. In this
report, we provide additional and novel insights into the organization, at the nanometer scale, of the Shs1
capped complexes associated with solid flat or deformable biomimetic membranes doped with phosphoinosi-
tides. We have shown that Shs1 capped complexes, bound to membranes, display a high structural plasticity
and sensitivity to nucleotides GTP and/or GDP in excess. Besides, we have characterized the interaction of
septins with lipids from a molecular point of view, leading to new hypothesis regarding the specificity of
L-α-phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) with the S. cerevisiae mitotic septins.

Methods
Reagents
All lipids used in the following experiments were purchased from Avanti Polar Lipids: L-α-phosphatidylinositol, PI
(bovine liver, code 840042P); L-α-phosphatidylinositol-4-sphosphate, PI(4)P (porcine brain; code 840045X), L-α-
phosphatidylinositol-4,5-bisphosphate, PI(4,5)P2 (18 : 1) (synthetic, code 850155); 1-stearoyl-2-arachidonoyl-sn-
glycero-3-phospho-(10-myo-inositol-30,40,50-trisphosphate), PI(3,4,5)P3(synthetic, code 850166P); 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine, DOPE (code 850725P); 1,2-dioleoyl-sn-glycero-3-phospho-L-serine, DOPS (code
840035P); 1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC (850375P).

Septin expression and purification
Septin complexes containing Shs1 (wild type or mutants) and Cdc11 were expressed in Escherichia coli BL21
(DE3) Star cells (ThermoFisher Scientific, ref C601003) as previously described in Bertin et al. [5] for Cdc11

Figure 1. Organization of septin proteins.

(A) Mitotic septin organization during yeast division. Septins assemble into a highly dynamic platform at the collar bud neck,

displaying an hourglass structure which is divided into two rings right before the separation of the daughter and mother cells

(adapted from Vrabioiu et al. [56]). (B) Septin global architecture and Palindromic organization of mitotic septins in Shs1oct.

Septins are composed of two domains: a conserved and globular domain called Guanine binding domain (GBD) and a second

domain, more variable, called C-terminal extension (CTE). Some septins (Cdc12, 3, 11 and Shs1) display a putative coiled-coil

domain (CC) in their CTE. A density map of such octamers, obtained by electron microscopy and single-particle averaging, is

displayed at the right of the panel. (C) Cdc11 and Shs1 capping subunits modulate the assembly of mitotic septins from S.

cerevisiae. In solution, Shs1 capped octamers assemble into rings. Cdc11 capped protomers assemble into long filaments and

bundle of filaments. Scale bar: 100 nm.
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complexes; Garcia et al. [7] for Shs1 complexes with slight changes. Cdc12 was the only subunit to be expressed
as a fusion protein with a hexa-histidines tag.
Shs1, Cdc3, His6-Cdc12 and Cdc10 were co-expressed in E. coli BL21(DE3)Star (ThermoFisher Scientific, ref

C601003) from a pCod vector (Shs1), pMB vector (Cdc3) and pColADuet vector (Cdc10 and 12) (plasmid
from Garcia et al. [7]). The cultures were grown to A600 nm = 1 then cooled down to 17°C and induced with
isopropyl-β-D-thiogalactoside (Euromedex, ref EU0008-A) to 1 mM final overnight. Bacterial pellets were col-
lected by centrifugation at 5000 g for 10 min. They were flash frozen and stored at −80°C. A pellet from 1.5 l of
culture was re-suspended in 50 ml of lysis buffer (50 mM Tris–HCl pH8, 300 mM NaCl, 5 mM MgCl2, 40 mM
GDP, 0.5% (v/v) Tween 20, 12% glycerol, 5 mM β-mercaptoethanol, 10 mM Imidazole). After thawing, one
tablet of protease inhibitor mix (Complete Mini EDTA-free Protease Inhibitor Cocktail, Roche), about 1250
Units of benzonase (Sigma–Aldrich, ref E1014) and 0.5 mg ml−1 of lysozyme were added. After stirring for 30
min at 4°C, the mixture was sonicated until the lysate was fluid and not viscous. The lysate was clarified at 4°C
by centrifugation at 14 000 g for 30 min and filtrated with a 0.22 mm PES membrane filter. The resulting super-
natant fraction was subjected to Ni2+-affinity chromatography (HisTrap FF 5 ml; GE Healthcare) after equili-
bration of the column into the wash buffer (50 mM Tris–HCl, pH 8.0, 300 mM NaCl, 20 mM imidazole, 5 mM
MgCl2, 0.1 mM TCEP). After washing the column, the elution was performed (elution buffer: 50 mM Tris–
HCl, pH 8.0, 450 mM NaCl, 356 mM imidazole, 5 mM MgCl2, 0.1 mM TCEP) and protein was collected into
fractions of 1 ml. Size-exclusion chromatography (HiLoad 16/60 Superdex 200; GE Healthcare) was performed
on the peak eluate fractions (buffer: 300 mM NaCl, 50 mM Tris–HCl, pH 8.0, and 0.1 mM TCEP). The peak
size-exclusion eluate fractions were pooled, desalted with PD10 Sephadex G-25 columns (GE Healthcare) with
a 50 mM Tris–HCl pH8 buffer. Fractions containing the protein were transferred into an ion-exchange chro-
matography column (Resource Q 1 ml; GE Healthcare) and eluted with a gradient ranging from 0 to 500 mM
NaCl in 50 mM Tris–HCl pH 8.0, and 0.1 mM TCEP. Proteins were stored into small aliquots at −80°C after
flash freezing.

Shs1 auto-assembly studies in solution
Septins were diluted in 50 mM Tris–HCl pH 8, 20 mM NaCl (plus 2 mM MgCl2 in some cases) (namely low
salt conditions) to a final concentration of 0.01 mg ml−1. A 4 mM of GTP Lithium salt (Roche; ref
11140957001) or GDP (Sigma–Aldrich; ref G7127) were added in specific assays. Samples were incubated from
10 min to ∼1 h at 4°C before being negatively stained. For high salt conditions, septins were diluted in 50 mM
Tris–HCl pH 8 (plus 2 mM MgCl2 in some cases) and 300 mM NaCl.

Lipid monolayer assays
All of the assays were designed as duplicates or triplicates and the experiments were all repeated at least three
times. The wells of a Teflon block were filled to capacity (20 μl) with high salt (50 mM Tris–HCl pH 8, NaCl
300 mM, MgCl2 2 mM) or low salt (50 mM Tris–HCl pH 8, 10 mM NaCl, MgCl2 2 mM) solutions containing
septin complexes. A drop (∼0.5 μl) of lipid solution in chloroform was added to the surface of the solution.
The lipid composition was chosen as follows: 80% DOPC, 10% PS and 10% of variable negatively charged lipid
(PS or Phosphoinositides). The Teflon block was inserted in a humidified Petri dish and equilibrated 5 h at 4°
C. To recover the lipid monolayer and absorbed protein, a grid coated with a continuous hydrophobic carbon
film (Electron microscopy Sciences, ref CF300-CU) was positioned on the surface of the solution. The grids
were then blotted and stained with a solution of 2% uranyl formate before being analyzed by EM. All of the
experiments were repeated at least once. All of the experiments were carried out in the presence of 2 mM
Magnesium unless specified.

Quantification of septin density on lipid monolayers
The density of septins was estimated on shs1 complexes in interaction with lipid monolayer assays composed
of 80% DOPC, 10% PS and 10% of PS, PI, PI(4)P, PI(4,5)P2 or PI(3,4,5,)P3. The experiments were carried
without the presence of magnesium to prevent any assembly of shs1 complexes into high-ordered structures,
and therefore promote the interaction of shs1 complexes alone on the surface of the lipid monolayer. The
resulting images were submitted to a trainable segmentation classification by using the plugin Weka [17] imple-
mented in ImageJ. Since the staining is not identical from one image to another and can induce some bias in
the contrast from one image to another, the software was trained to recognize the septins and the membrane
for each image independently. The area covered by the septin complexes was assessed using ImageJ.
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PI(4,5)P2 micelles experiments
Five microliters of PI(4,5)P2 at 0.05 mg ml−1 was dried with argon and kept under vacuum for 1 h. The dried
lipidic film was re-suspended in 50 mM Tris pH8, 150 mM NaCl to a final concentration of 0.1 mg ml−1. The
lipid solution was gently sonicated for 30 s to get micelles. One microliter of Shs1 septin oligomers at
0.4 mg ml−1 was mixed with 2.5 ml of micelles. The mixture was immediately diluted into 50 mM Tris pH8,
2 mM MgCl2 to get a final protein concentration of 36 nM (0.013 mg ml−1) and a buffer ∼50 mM Tris pH8,
20 mM NaCl, 1.8 mM MgCl2. The mixture was incubated for 1 h at 4°C before being negatively stained.

Negative stain sample preparation and imaging
Four microliters of diluted sample to a final concentration of 0.01 mg ml−1 were adsorbed for 30 s to 1 min on
a glow-discharged carbon-coated grid (Electron microscopy Sciences, ref CF300-CU). The grids were then
blotted, washed and finally negatively stained for 1 min with a drop of 2% uranyl formate at each step. The
data were collected using either a Tecnai spirit microscope (Thermofischer, FEI, Eindhoven, the Netherlands)
operated at an acceleration voltage of 80 kV and equipped with a Quemesa (Olympus) camera or with a Lab6
G2 Tecnai (Thermofischer, FEI, Eindhoven, the Netherlands) operated at an acceleration voltage of 200 kV.
The data were acquired with a 4k × 4k F416 CMOS camera (TVIPS) in an automated manner using the
EMTools software suite (TVIPS).

Preparation of vesicles
A lipid mix made of 70% DOPC, 10% DOPE, 10% DOPS and 10% of synthetic PI(4,5)P2 [18 : 1] or PI(3,4,5)
P3 were first dried with argon and then kept under vacuum for an hour. The lipid film was re-suspended into
50 mM Tris pH8, 300 mM NaCl to generate a heterogeneous mixture of vesicles with a final lipid concentration
of 1 mg ml−1. Lipids and septin were incubated at a 10 : 1 mass ratio and diluted five times to obtain a final
buffer with 50 mM Tris pH8, 50 mM NaCl. Vesicles and septins were incubated from 30 min to 1 h.

Cryo-tomography and tomogram processing
Four microliters of samples supplemented with 10-nm gold beads were adsorbed on lacey holey carbon grids
(Ted Pella INC., Lacey grids). The grids were vitrified in liquid ethane using an automated plunge-freezing
apparatus (EM-GP, Leica). The samples were analyzed at liquid nitrogen temperature using a Tecnai F20
(Thermofischer, FEI, Eindhoven, the Netherlands) microscope operated at 200 kV and equipped with a Falcon
II direct electron detector (Thermofischer, FEI, Eindhoven, the Netherlands). Tilt series were recorded in a
bi-directional mode starting at angle 0 with an increment of 2° to 60 and then to −60°. The data were collected
at an exposure of 1e/Å at a nominal defocus varying from −2 to −2.5 mm and at a magnification of 50 000
(except for the bundle’s tomogram collected at a magnification of 25 000). The acquisition was carried out at a
pixel size of 4.26 Å per pixels. Alignment of tilt series using gold fiducials and 3D reconstruction was per-
formed by the etomo software [18].

Tomogram segmentation and statistics
Tomograms were segmented and analyzed using Amira 6.4 (Thermo Scientific Amira Software). Filaments
were extracted using a dedicated template matching algorithm, accounting for the missing wedges effects
induced by limited tilt angles [19], while membranes were segmented thanks to a membrane-enhancing filter
[20]. The centerlines of both filaments, and membranes, were extracted to facilitate certain measurements and
comparisons. Only filaments clearly interacting with the membranes, but not via their endings, were taken into
account for the statistics calculations. Their curved length was computed as the length of their centerline repre-
sentation, while the chord length corresponds to the length of the line segment joining their end-points. The
average thickness of the filaments was measured from their voxel representation.
To characterize the interaction between the filament and the membranes, we relied on their respective cen-

terline representations. The angle between filaments and membranes was computed, for each point of the fila-
ment, by finding the corresponding closest point on the nearest membrane and comparing both local
orientations. Tomograms were segmented using the IMOD software.
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Image processing
Negatively stained images of Shs1 protomers with a pixel size of 2.14 Å were collected at a magnification of
50 K and 1.5 μm underfocus with a Tecnai G2 20 Twin (FEI) and a TVIPS F416 camera CMOS 4k × 4k.
Particle picking was performed using boxer from the EMAN software suite [21]. Particles of 203 pixels size
were hand-picked. Particles were normalized against the background, classified and aligned to generate class
averages using SPIDER [22]. One round of reference-free alignment and classification was performed before
references were selected. Two rounds of multi-reference alignment and classification were performed thereafter.
For WT complexes, 53 classes were generated from 2446 particles. For double linker mutants, 36 classes were
generated from 2339 particles. For Δ350 mutants 24 classes were generated from 2829 particles. For Δ350–445
mutants 25 classes were generated from 2234 particles. For Lys36A mutants 34 classes were generated from
2374 particles. For Thr37V mutants 53 classes were generated from 2588 particles. From the different classes,
the datasets were sorted by the number of subunits present within the complexes. The proportion of protomers
within the dataset could thus be deduced from the number of particles per generated classes.

Sequence alignment and homology structural analysis
The alignment and homology investigation were carried out using software relying on a combination of structure
and amino acid sequences analysis. Sequence alignment was operated using the structural alignment software
Expresso [23] from the T-coffee server. Secondary structure predictions were performed using Quick2D from the
MPI Bioinformatics Toolkit [24]. It has the advantage to display the results from different secondary structure pre-
diction programs, allowing to control the accuracy of the predictions by redundancy. Notably, insights about sec-
ondary structures [25–30], disordered regions [31–33] and coiled-coils (CC) domains are generated [34–36]. CC
domain predictions were further MULTICOIL2 [38] program. To further investigate the homology between pro-
teins, especially to define the boundaries of the primary sequences used to obtain the subsequent models, a research
and sequence alignment of homologous proteins, included distant ones, was conducted with HHPRED [37].

Molecular modeling of GTP-binding domains of Cdc10, Cdc11 and Shs1 and
docking of IP2
To get a molecular three dimensional model of the GTPase domains of Cdc11, Shs1 and Cdc10, the I-tasser
software [39] was used to predict the structure from the residue Lys18, just after the α0 helix, to Leu310
(Cdc11 numbering). A crystal structure was already solved for Cdc11 GTPase domain (PDB 5AR1), however,
the flexible loops are missing [40]. Structures of septin GTP-binding domain, especially human septins, encom-
pass these flexible parts, making modeling more accurate. Since Cdc11, Shs1 and Cdc10 auto-assemble via their
NC-interface, dimers were built by fitting the model to septin 6 and 7 from the human septins 2-6-7 trimer
solved by X-ray crystallography (PDB 2QAG). Finally, docking was performed using the SwissDock software
[41], under default settings, between septin dimers and an IP2 molecule. Flexibility was allowed for the residues
in the vicinity of the ligand with a maximum distance of 5 Å. A 20 × 20 × 20 Å box was used for the docking,
with Lys18 at its center. The docking experiment includes two basic residues essential for the interaction with
PIP2 without considering the whole α0 helix (Lys18 and Arg19 for Cdc11). The different protein–ligand
binding mode energies were calculated. The most favorable binding modes were clustered.

Results
Our report focuses on the behavior of Shs1 capped septin complexes, designated in the following as Shs1oct.
The experiments were led at least three times to ascertain their viability and reproducibility.

Shs1oct in solution: a novel ultra-structural organization
In vitro and in solution, the Shs1 octameric protomers, organized as Shs1-Cdc12–Cdc3–Cdc10–Cdc10–Cdc3–
Cdc12–Shs1, and designated Shs1oct are known to assemble into rods [7]. Above 150 mM NaCl we observed
36.1% octamers, 29.8% heptamers, 27.5% hexamers and 6.6% pentamers (Supplementary Figure S1). This poly-
dispersity had already been documented previously [7] and accounts for a lower stability of the octameric
Shs1oct complex as compared with the Cdc11oct complex. Within Shs1oct, the Cdc12–Shs1 interface is thereby
weaker than the Cdc12–Cdc11 interface in the Cdc11oct. Indeed, the expression and purification of recombin-
ant Cdc11oct generate almost 100% of intact octameric complexes [14]. At lower ionic strength (20 mM NaCl,
2 mM MgCl2) micrometric rings made out of bundled filaments were assembled (Figure 2A) as previously
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reported. It was previously described that those micrometric bundled ultra-structures were assembled exclu-
sively from intact octameric Shs1 capped oligomers [7] while the truncated oligomers were left out in solution.
Surprisingly, smaller structures were visible as well at low salt concentrations, but are absent from high salt

concentration where the Shs1–Shs1 end-to-end association is impeded. These assemblies are circular structures
of ∼100 nm in diameter. They were usually seen in the vicinity of straight or curved bundles (Figure 2A, boxed
dotted square). Those peculiar ultra-structures were present in both negatively stained samples (Figure 2A) and
frozen-hydrated preparations (see corresponding enlargements in a slice of a cryo-tomogram displayed in
Figure 2B and Supplementary Movie S1). These are, therefore, not artifacts from sample preparation resulting
from drying or staining of the samples. Even though those peculiar assemblies are clearly visible in the figures
of published reports focusing on human septins as well and thus suggesting those structures are conserved
[7,42], they had not been commented. Two-dimensional averaging and classification were performed. The
‘wheel-like’ structures are heterogeneous both in size and shape, suggesting that their assembly is adjustable.
Indeed, some ‘wheels’ were ovoidal (Figure 2C.1) while others were more circular (Figure 2C.2). In Figure 2C.3
(white arrows), densities corresponding to septin subunits are unambiguously displayed. Each of the densities
were measured to be 5.4 ± 1.1 nm (n = 67), corresponding to the size of the septin globular domain. The diam-
eter of the wheels were measured at 21.2 ± 2.7 nm (n = 112), leading to a perimeter of ∼60 nm, the equivalent
of two rods interacting via their Shs1 subunits. Within the inner portion of the ‘wheels’, some protein filament-
ous densities connecting opposite subunits are visible. We suspect that these densities are composed of flexible

Figure 2. Self-assembly of Shs1 into nanometer wheels-like structures in solution.

(A) Ring-like structures of Shs1oct in low salt conditions. Small rounded-shaped densities are displayed against the inner

surface of the ring (square dotted insert). Scale bar: 100 nm. (B) Wheels observed in frozen-hydrated conditions at the vicinity

of a bundle of Shs1oct. Those wheels were isolated from the cryo-tomogram in Supplementary Movie S1. Scale bar: 10 nm. (C)

Three class averages of the wheels. Both ovoid- and rounded-shape wheels were observed (respectively 1 and 2). Small

‘beads’ (arrows) and blurry connecting densities in the middle of the wheels resemble domain organization of septin subunit

namely GDB and CTE domains, respectively. Scale bars: 10 nm.
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CTEs from Shs1, Cdc12 and Cdc3 which would be involved in the stability of those ‘wheels’. Indeed, the globu-
lar domains are unambiguously present on the periphery of this peculiar structure and the domains contribut-
ing to the density pointing inwards towards the center of the structure can only result from the contribution of
the flexible CC domains.
Septins are known to interact with membranes doped with phosphoinositides [12,43,44]. In particular,

budding yeast septins interact with PI(4,5)P2 [12,14]. Cdc11oct polymerization was shown to be facilitated on
lipid monolayers doped with PI(4,5)P2 exclusively [14] and to induce liposomes deformations [13]. Cdc11oct
indeed assemble into micron-scale filaments even in non-polymerizing conditions. For the first time, we deter-
mined how Shs1 protomers assemble on the surface of biomimetic membranes doped with PI(4,5)P2.

Shs1 protomers display a high polymorphism when interacting with lipid
monolayer doped with PI(4,5)P2
Most of the experimental conditions used throughout the lipid monolayer assays are identical (36 nM (0.01 mg
ml−1)) final protein concentration, 4°C and overnight incubations and a minimal lipid composition of 80%
DOPC, 10% DOPS and 10% phosphoinositides). An addition of nucleotides, salt and the nature of the phos-
phoinositides varied, when indicated.
On lipid monolayers doped with PI(4,5)P2, shs1 complexes assemble into a wide variety of high-ordered

structures. To enhance the clarity of the corresponding figure, Figure 3, the images have been duplicated to
segment septin densities. Shs1oct assemble into interconnected rods (100 nm long at most), within a 2D
network (Figure 3A). This homogeneous network of interconnected septin rods covers the surface. In addition,
peculiar bundled assemblies of filaments are observed bound to this organized 2D network carpet of Shs1oct
protein. Out of 149 bundled dense structures reported, 82% (n = 122) were micrometric bundled rings
(Figure 3B). The rings were similar to those obtained in solution, with comparable dimensions (mean outer
diameter 326 ± 62 nm, mean inner diameter 200.5 ± 42 nm (n = 49)). Some rings revealed, on their inner

Figure 3. Shs1oct self-assembly bound to a PI(4,5)P2 doped lipid monolayer.

Architectures of Shs1oct oligomerized on lipid monolayer doped with 10% of PI(4,5)P2: 2D network of short filaments (A), rings (B), gauzes (C) and

sheet of spaced and long filaments (D), thin bundles of tightly packed filaments (E) and paired filaments (F). The ratio of each type of architecture is

displayed on the chart (G). Gauzes are characterized by larger (yellow) and thinner (orange) densities. The compositions of the lipid monolayer

((80% DOPC, 10% DOPS, 10% PI(4,5)P2, buffer (50 mM Tris–HCl pH 8, 10 mM NaCl, 2 mM Mg2+) as well as the concentration of shs1oct (36 nM)

are displayed directly on the figure. Scale bars = 100 nm.
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surface, a proteic density displaying a periodicity of 23.6 ± 3.9 nm (n = 62, min = 13.5 nm, max = 31.4 nm) and
most likely resulting from extending flexible rather disorganized coiled coils. (Figure 3B, arrows).
In addition to ring-like structures, to a lesser extent, gauzes of orthogonal filaments represented 8% of the

ultra-structures (Figure 3C). Surprisingly, on PI(4,5)P2 doped monolayers, the formation of gauzes is independ-
ent on the phosphorylation state of Shs1, in contrast with previous observations in solution [7]. Importantly,
Shs1oct complexes were expressed in E. coli which minimizes post-translational modifications [45]. In Garcia
et al. gauzes were observed exclusively with a specific phosphomimetic mutant of Shs1, not with wild type pro-
teins. The gauzes obtained in our conditions are always connected and juxtaposed to another ultrastructure, for
instance, embedded within a ring-like ultrastructure (Figure 3C).
Other higher-ordered structures were observed: sheets of loose and parallel spaced filaments (Figure 3D),

bundles of tight filaments (6%, Figure 3E) and isolated paired filaments (3%) (Figure 3F). The ultrastructure of
Shs1oct is thus polymorphic (Figure 3G). The higher-order structures are most likely composed of octameric
intact complexes while the 2D carpet of proteins would gather the hexameric and heptameric truncated septin
rods. Indeed, those ultra-stuctures (rings, bundles) are assembled from the intact octameric Shs1 capped oligo-
mers while the shorter oligomers are left out as individual connected protomers, as already analyzed by single-
particle analysis [7]. Previously, we had demonstrated that hexameric Cdc11 less septin rods can assemble into
a connected network of filaments, bound to a PI(4,5)P2 doped lipid monolayer [14], while no other higher-
ordered structures were generated. Hence, the similar observed 2D network here (Figure 3A) most likely draws
most of the destabilized shorter septin complexes.

Shs1oct septin complexes interact with lipid monolayers doped with different
charged lipids
Septins are known to interact with membranes doped with phosphoinositides [12,43,44]. In particular, budding
yeast septins interact with PI(4,5)P2 in a specific manner [12,14] and interacts poorly with other charged lipids
(DOPS) and phosphoinositides. The interaction of Cdc11oct with PI(4,5)P2 was already thoroughly character-
ized and shown to be primarily mediated by Cdc10. Because both Cdc11oct and Shs1oct are present within the
hourglass-like assembly of septins at the collar bud neck of S. cerevisiae during mitosis [7], we addressed
whether Shs1oct interacted with PI(4,5)P2 as well.
After incubating unpolymerized Shs1oct with pure micelles of PI(4,5)P2, the resulting bundles were decorated

in a periodic fashion (Figure 4A). A repetitive spacing of 16.4 ± 1.2 nm, approximately half an octamer, (n = 10,
arrows, Figure 4A), with a center to center distance of 29.4 ± 0.8 nm was observed. Besides, incubated with
LUVs (large unilamellar vesicles) doped with PI(4,5)P2, the Shs1oct were occasionally bound to liposomes by
their ends (hence through the Shs1 subunit) as filamentous short brushes (Figure 4B, middle and
Supplementary Movie S2). In addition, tethered vesicles, connected by a high density of septin rods, thus orga-
nized in ‘brushes’ (Figure 4B, bottom) were observed. Septins are curvature sensitive and they sense micro-
metric curvatures [13,46]. Septin filaments tend to avoid interacting with highly curves structures (i.e. small
vesicles of less than 100 nm in diameter) while they bind to vesicles displaying diameters of 500 nm or more
and flat surfaces. Shs1 capped septins can bind to vesicles using two different strategies. Either they bind by
their ends (shs1 subunit) or they lie flat on lipids interacting along their whole length (through a Cdc10
mediated interaction). In particular, septins cannot interact laterally (along the length of filaments) with small
vesicles which are by definition highly positively curved. Thereby, interacting via their ends is most likely more
favorable energetically on small vesicles. The diameters of vesicles decorated by a ‘brush-like pattern’ of Shs1oct
were indeed measured to be 26.9 ± 20.5 as compared with 322 ± 229 nm for naked vesicles (see Figure 4B).
Taken together, both of the aforementioned observations suggest that PI(4,5)P2 micelles bind preferentially
both Shs1 (end subunit) and Cdc10 (subunit in the center) in the complex.
We addressed the affinity specificity of Shs1oct for PI(4,5)P2 as compared with other charged lipids

(Figure 4C). On monolayers doped with 20% PS or 10% of PI a few isolated octamers were visualized.
However, Shs1oct did not interact at all with an uncharged monolayer (DOPC only). The network-like organ-
ization of Shs1oct rods on lipid monolayers was visualized in the presence of phosphoinositides or in the pres-
ence of PS (Figure 4C, lower panel: 10% PI(4,5)P2). The density of septin complexes has been quantified on
electron microscopy images to compare the interaction of Shs1oct with various lipids. Using algorithms based
on deep learning, the filamentous protein within each image has been segmented to determine de density of
complexes (see Method section and Supplementary Figure S2). The results are displayed in Figure 4C. Doping
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Figure 4. Shs1oct interaction and binding with lipids.

(A) Shs1oct bundle interacting with PI(4,5)P2 micelles (red arrows): periodic decoration. Scale bar = 20 nm. (B) left panel: images

from cryo-AM samples. Top: control vesicles. Scale bar: 1 mM, middle: Brushes of septin rods bound to vesicles. Scale bar:

50 nm, bottom: tethered vesicles by septin rods. Scale bar: 100 nm. The black dots are 10 nm in diameter gold beads used as

fiducials to perform cryo-electron tomography. Right panel: diameter distribution of the control vesicles (orange, top) and of

tethered and brush-covered vesicles (blue, bottom). (C) Left panel: Shs1oct complexes incubated with lipid monolayers doped

with, 10%PI(4,5)P2. It has to be noticed that no magnesium was used to avoid any polymerization of shs1oct and thus evaluate

properly its propensity of binding to different lipid monolayers. An example of such organization is display on negative staining

image on the left of the panel (10% PI(4,5)P2). Scale bars: 100 nm. Right panel: the density of septins on the surface of each

monolayer doped with DOPS (blue), PI (orange), PI4P (gray), PI(4,5)P2 (yellow) or PI(3,4,5)P3 (cyan) was measured by deep

learning segmentation, and were reported in the graphs. (D,E) Molecular docking of IP2 molecules (yellow) within models of

GBD septin domain of Cdc10 (left), Cdc11 (middle) and Shs1 (right) subunits. (D) Electrostatic representation. (E) Atomic

representation. The most stable IP2 location was displayed for each septin. For each subunit, the relevant acidic patch able to

potentially recruit basic residues interacting with IP2 is colored in red. The distances between the residues (in Angstrom) are

specified in (E). The numbering refers to each septin specifically. (F) Sequence alignments comparing S. cerevisiae mitotic

septins, S. Pombe, C. albicans, E. Gossypii, C. Immitis and Human septins. The blue residues are basic residues. Red residues

are acidic. The important residues displayed in the atomic representation of the IP2 binding pocket in (E) were listed on the

right of the sequence alignment to facilitate the comparison of the docking results. Lys28cdc10 and its corresponding

homologous in shs1 and cdc11 is displayed in green; Lys29cdc10 in orange; Phe137cdc10 in pink and Thr139cdc10 in brown.

Those residues were also highlighted in the sequence alignment, using the same color code aforementionned.
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the lipid monolayer with PI(4)P, PI(4,5)P2 or PI(3,4,5)P results in enhancing the density of septin filaments as
compared with PI or PS.
Taken together, our observations suggest that the Shs1oct interacts with phosphoinositides primarily via electro-

static interactions and is much less specific to PI(4,5)P2 than the interaction of Cdc11oct with PI(4,5)P2 [12,14].
The interaction of cdc11oct with membranes is primarily driven by the cdc10 subunit [14]. However, in

shs1oct, both shs1 and cdc10 subunit are able to interact with PI(4,5)P2. To investigate the rationale for such
differences, we have carried out a local and flexible docking (for the residues in the vicinity of the IP2 molecule
up to 5 Å) between an IP2 molecule and the binding pockets of Cdc10, Cdc11 and Shs1 GBDs models
(Figure 4) using I-TASSER [39]. The resultant fullfitness and ΔG values are presented in Table 1. In addition, a
representation of the electrostatic surfaces in the vicinity of the IP2 binding pocket has been added.
The binding pocket to IP2 is predominantly charged positively for both cdc10 and cdc11 while the binding

pocket of shs1 is characterized by a smaller positively charged surface (Figure 4D). Moreover, the space avail-
able for the IP2 molecule is larger in cdc10 than cdc11 and shs1. Thus, the IP2 molecule fits within the
binding pocket of cdc10, whereas the ligand is not entirely embedded for cdc11, and clearly pushed away for
shs1. In the case of shs1, the IP2 molecule is thus constrained to interact with the charged surface, which
dimension is reduced. The IP2 is thereby displaced as compared with the configuration observed with Cdc10
and Cdc11, explaining why it is characterized by the lowest affinity (Table 1).
In agreement with previous studies, Cdc10 had the highest theoretical affinity for IP2 molecules. The two lysines

able to sustain the interaction between phospholipids and septins in vivo, Lys28cdc10 and Lys29cdc10, are involved in
the correct positioning of the IP2 molecule (Figure 4E, left). Interestingly, the residue Phe137cdc10 is engaged in a
cation–pi interaction with Lys28cdc10 and therefore stabilizes its orientation within the IP2 binding pocket.
Even though both of these lysines are chemically conserved, Cdc11 and Shs1 displayed the lowest theoretical

affinity for IP2 molecules (see Table 1). Strikingly, the equivalent residues for Lys28cdc10 (Lys18cdc11 and
Lys19shs1) do not interact with IP2 in the generated model. Both shs1 and cdc11 subunits exhibit an arginine
substituting the phenylalanine Phe137cdc10 (R129cdc11 and R175shs1on Figure 4E). Also, both Lys18cdc11 and
Lys19shs1, corresponding to Lys28cdc10, are pointing toward an acidic patch (colored in red in Figure 4E). In
addition, Lys18cdc11 interacts with the carboxyl functional group of an aspartate, whereas Lys19shs1 interacts
with the backbone of the loop. Therefore, it is more likely that R129cdc11 and R175shs1, replacing Phe137cdc10,
disturb the orientation of the Lys18cdc11 and Lys19shs1 which is thus constrained and forced to interact with the
acidic patch. R129cdc11 and R175shs1, by replacing Phe137cdc10 and precluding the interaction between
Lys18cdc11/Lys19shs1 and the substrate, induce a dramatic changing in the position of the IP2 molecule. The
loop containing the acidic patch is not conserved in sequence and in length, but displays aspartates and gluta-
mates residues (see sequence alignment in Figure 4). Given this part of the protein was considered as part of
the rigid block, Lys28cdc10 and Lys19shs1 potentially interacts specifically with the functional groups of this
patch.
Shs1 displayed the lowest theoretical affinity for IP2 molecules (see Table 1). Out of the three basic residues

present in the binding pockets of Cdc11 and Shs1, only Arg175shs1 is involved in an interaction with IP2
(equivalent to Arg129cdc11 and Phe137cdc10), against two basic residues for cdc11. Because Arg20shs1 is involved

Table 1. Fullfitness and Estimated ΔG values of the three best matches concerning the cluster 0 obtained for cdc10,
cdc11 and shs1 GBD docking with an IP2 ligand

Septin
subunit

No. of SwissDock
Clusters

Cluster rank from
cluster 0

Fulfitness (kcal/
mol)

Estimated ΔG (kcal/
mol)

cdc10 48 0 −2494.9043 −15.615602
1 −2494.9043 −15.615602
2 −2494.9043 −15.615602

cdc11 48 0 −2736.9548 −15.8689
1 −2696.602 −10.595408
2 −2684.1865 −8.829166

shs1 48 0 −2883.427 −7.783838
1 −2882.1416 −7.7561283
2 −2881.3887 −7.0091558

© 2020 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society2706

Biochemical Journal (2020) 477 2697–2714
https://doi.org/10.1042/BCJ20200199

D
ow

nloaded from
 https://portlandpress.com

/biochem
j/article-pdf/477/14/2697/889269/bcj-2020-0199.pdf by M

onash U
niversity user on 18 August 2020



in an interaction with a glutamate, Glu177shs1, its interaction with the IP2 molecule is precluded. Cdc10 and
cdc11 subunit exhibit, respectively, at this location a threonine (Thr139cdc10) and a lysine (Lys131cdc11). As a
result, Arg20shs1 does not interact with the ligand as its equivalent Arg19cdc11 and Lys28shs1.
Therefore, in Cdc11 and Shs1, fewer residues could be involved in the IP2 interaction, suggesting that the

cdc10 subunit could have a higher affinity for PIP2 molecule in vitro [14]. The simulated model could explain
why Shs1 capped complexes interact less specifically with IP2 than Cdc11 capped complexes.

Role of the C-terminal extension (CTE) on Shs1oct assembly
Cdc11oct and Shs1oct organize differently bound to a lipid monolayer doped with PI(4,5)P2. When comparing
the Cdc11 and Shs1 subunit sequences, their CTE differs the most significantly. To understand whether the
CTE of Shs1 plays a role in the organization of Shs1oct on lipid monolayers, different mutants affecting the
CTE of Shs1 were designed.
The CTE domain encompasses a flexible linker and a predicted CC domain (Figure 5A). We have designed

several mutants with either deletions or insertions within the CTE of the Shs1 subunit to test for its function
into Shs1oct assembly. We truncated both the CC domain and the linker upstream the CC (Shs1Δ350), the linker
only (Shs1Δ350–445) and a third mutant with twice the linker length (Shs1×2linker).
By 2D image analysis, we determined the stability of the generated mutants in high salt conditions

(Figure 5B). As compared with the wild type protein, the truncated mutants were significantly more

Figure 5. Ultrastructure of CTE Shs1 mutants within septin complexes Shs1oct.

(A) Schematic representation of the different constructs used to assess the role of the CTE domain. (B) Size distribution of Shs1oct oligomers

(Shs1oct, Shs1
Δ350–445

oct, Shs1
Δ350

oct and Shs1×2linkeroct). Representative electron microscopy image of Shs1Δ350oct (top) and Shs1Δ350–445oct
(bottom) used for 2D image processing. Scale bars: 100 nm. (C) Self-assembly of Shs1Δ350oct (left, scale bar: 200 nm), Shs1Δ350–445oct (middle, scale

bar: 500 nm) and Shs1×2linkeroct (right, scale bar: 100 nm) in solution and low salt conditions. (D) On a lipid monolayer doped with 10% PI(4,5)P2,

Shs1Δ350oct assembles into a network of rods (left), Shs1Δ350–445oct into bundled structures (middle) and Shs1×2linkeroct into sheets of parallel and

tightly packed filaments (right). Scale bars: 100 nm. (E) On liposomes doped with 10% of PI(4,5)P2, Shs1Δ350oct assembles into spaced and parallel

filaments (left), Shs1Δ350–445oct into rather short and disorganized filaments (middle) and Shs1×2linkeroct into long and parallel filaments (right). Scale

bars: 100 nm. On the lower panel, septin filaments are highlighted in blue to enhance visibility.
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destabilized, with the proportion of intact octameric complex reduced to ∼20%. However, Shs1×2linker was as
stable as the wild type complex. Hence the flexible CC domain has a role in the stabilization of the complex. In
solution, and polymerizing conditions (low ionic strength), the Shs1Δ350oct and Shs1Δ350–445oct did not assemble
into long filaments or higher-ordered structures (Figure 5C). No wheel-like small complexes (see Figure 2)
were generated. Only rod-like assemblies were visualized showing the essential role of the coiled coils of Shs1
for polymerization and bundling (Figure 5C, left panel (Shs1Δ350oct) and middle panel (Shs1Δ350–445oct)). Shs1
with twice the linker (Shs1×2linkeroct) was able to form bundled rings similar to those obtained with the wild
type septin complex (Figure 5C, right panel).
On lipid monolayers, the truncation mutants mostly interacted with monolayers as a network of intercon-

nected rods (Figure 5D, left panel) and occasionally self-assembled into bundled structures (Figure 5D, middle
panel) which were, however, rather disordered. Bound to vesicles, the truncated mutants also self-assemble into
polymerized rods (Figure 5E), suggesting the mutations do not prevent polymerization to occur. To some
extent, the interaction of truncated mutants with lipids thus enhanced the self-assembly of septin complexes
into bundled ultra-structures (Figure 5D). Shs1 with twice the linker (Shs1×2linker) was able to self-assembled
into micron-length organized sheets of tight parallel filaments (Figure 5D, right panel), mimicking Cdc11
assembly on the surface of a lipid monolayer [14].

Cryo-electron tomography reveals a highly similar organization of Shs1oct and
Cdc11oct on deformed liposomes
Vesicles incubated with Shs1oct were strongly aggregated by the interacting protein complex. Shs1 capped septins
can bind to vesicles using two different strategies. Either they bind by their ends (shs1 subunit, Figure 4B) or they
lie flat on lipids interacting along their whole length (Figure 6 and Supplementary Movies S2 and S3). The vesi-
cles covered with straight septin filaments were flattened in addition to displaying local distortions: protrusions
(Figure 6B, bottom left) and sharp or smooth tips (Figure 6B, upper right and bottom left). Measured on the 3D
reconstructions, the thickness of the flattened vesicle varies between 120 and 45 nm (n = 15), (including the pro-
trusions which displays a smaller thickness between 90 and 45 nm) as compared with 150–200 nm (n = 7)
obtained usually for naked control vesicles. The flattening could result from both the deformability of the

Figure 6. Organization, orientation of Shs1oct bound to deformed vesicles.

(A) Shs1 complexes in interaction with vesicles. Slice of tomogram extracted from the tomogram displayed in Supplementary Movie S2. The

vesicles are segmented in pink, whereas septin proteins are colored following the color code at the top of panel (A). (B) Shs1 complexes distort

membranes (tomogram slices extracted from the tomogram display in movie1). Septin filaments are segmented and color coded with their relative

orientation to the edges of the vesicle membranes (see color code top of panel (A)). The angle between the nearest edge of the membrane and

septin filament was calculated and thus reported. The length distribution of the filaments is reported in the chart (bottom right). Scale bars =

100 nm. (C) Shs1WT assemble into sheet of spaced parallel filaments connected laterally by repetitive orthogonal densities (red arrowheads, left

bottom panel) Scale bars = 100 nm.
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membrane and the intrinsic properties of the filaments in terms of curvature preference and persistence length as
observed already for Cdc11oct (Supplementary Figure S3) [13] and confirmed in Figure 4B.
The interaction with lipids favored the polymerization of Shs1oct into filaments and the self-assembly of

micrometric long filaments was enhanced (Figure 6, Supplementary Movies S2 and S3). As a comparison, in
solution, Shs1oct never self-assemble into filaments longer than tens of nanometers.
On vesicles, Shs1oct assembled into a network of branched filaments (Figure 6B, upper right) or into sets of

parallel and spaced filaments (Figure 6B, upper left). Sets of parallel filaments follow the contour of membranes
and point towards the tip of deformed membranes, (Figure 6A, respectively, upper and bottom left). Filaments
from branches extend from the edges of membranes at an angle of 10–60° (Figure 6B). Finally, septins away
from the edges of the membranes and cross-linking the vesicles formed the most disorganized structures.
After semi-automatic segmentation, filaments were indexed into three categories: (i) filaments in solution, (ii)

filaments cross-linking vesicles or (iii) filaments displayed at the surface of the membranes. Only the third cat-
egory was considered for henceforth statistical analysis. The length of the filaments varied from 80 to 870 nm (n
= 255). Most were from 100 to 300 nm long (66.7%, Figure 6A), corresponding to 3–9 octamers. Each filament
was 4 ± 0.6 nm wide (n = 255), corresponding to one GBD of septins with two possible orientations on the
surface of the vesicles. Within the same sheets, the distance between parallel filaments varied between 7 and
20 nm (11.5 ± 3.4 nm, n = 193). Densities displayed every 8.5–16.5 nm tethering the filaments were visible
(Figure 6B, arrows), thus reminding Cdc11 paired filaments linked by Cdc3 and 12 CC domains [14].

Synergistic role of nucleotides and lipids
Since nucleotide binding and/or hydrolysis influence the high-ordered structures formed by septin proteins
[11,16,47–50], we decided to investigate the effect of either GDP or GTP on the polymerization of Shs1oct on a
lipid monolayer as well.
To discriminate the role of nucleotide from the role of lipids, experiments were thus led both on a surface of

a lipid monolayer and in solution. The protein complexes were expressed without adding nucleotides. A 40 mM
GDP was only present initially in the lysis buffer. The nucleotide turnover is slow but does take place as
demonstrated in Khan et al. [11]. We assumed that nucleotide exchange was possible with a large excess of
GTP or GTP (4 mM). In solution and without or with nucleotides (GDP, GTP in excess, Shs1oct assembled
into micrometric rings (Figure 7A, left panel (without excess nucleotides), and middle panel (with 4 mM
GTP)) or curved bundles (Figure 7A, right panel, 4 mM GDP). The ultra-structural organization of Shs1oct is
consequently unchanged in the presence of GTP or GDP nucleotides in excess, in solution. However, adding
GTP-γ-S does not induce the assembly of shs1 complexes (Supplementary Figure S4) conversely to GTP and
GDP. Consequently, the effect observed in the presence of GTP and GDP are promoted by an interaction
between nucleotides and septin complexes rather than an electrostatic effect due to the high concentration of
nucleotides. Cdc11 capped septin protomers polymerization is not perturbed by the presence of GTP-γ-S [51].
Nevertheless, structural studies showed differences when binding to different guanosine nucleotides, including
analogs [52]. Cdc11oct is known to be more stable than Shs1oct, which is characterized by a lower amount of
octameric complexes after purification (Supplementary Figure S1 [7]). The presence of GTP-γ-S could further
disrupt the complex by inducing conformational changes.
On lipid monolayers, with an excess of GTP, Shs1oct assembled into novel bundles of filaments assembled

into webs of ‘starfish-like’ structures with a central massive amount of filaments as a nucleation anchor for
bundles of filaments (Figure 7B center, diameter of 112 ± 26.5 nm (min. 66.7 nm; max. 197.6 nm; n = 36) and
Supplementary Figure S5). In excess of GDP, and interacting with a lipid monolayer, Shs1oct self-assembled
into micron-scale sheets of densely packed interconnected bundles (Figure 7B, right panel). Their width varied
between 18 and 64 nm (30.8 ± 8.3 nm (n = 69)), corresponding to 4–16 protomers. These observations were
quantified and are recapitulated in Figure 7C. Consequently, the presence of nucleotides in excess combined
with the presence of a lipid monolayer obviously induces the assembly of massive connected structures of fila-
ment bundles (Figure 7B, Supplementary Figure S5). Thus, a synergistic mechanism in between the lipid mono-
layer and nucleotide effect controls the oligomerization of Shs1 complexes.

Modulation of Shs1oct self-assembly by binding nucleotides
In GTPase proteins, residues involved in nucleotide binding and hydrolysis can (i) interact directly with the
nucleotide or (ii) interact with the magnesium cations required for both the correct positioning of the nucleo-
tide inside the active site and the hydrolysis of the phosphate γ by GTPase proteins. A conserved serine found
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in Cdc11 is essential for the hydrolysis of GTP, but is not crucial for the interaction with GTP/GDP in both
budding yeast and human [9,49]. Shs1 displays an alanine at this position (A32) (Figure 7D). This suggests
that shs1 (deprived of this specific serine) might not be proficient to hydrolyze GTP even though the inter-
action with nucleotides is preserved. To understand the discrepancies observed for the polymerization of
Shs1oct in the presence of different nucleotides, we focused our analysis on mutations that might perturb the
interaction between Shs1 and GDP and/or GTP. More specifically we analyzed the role of the residues involved
in the interaction with the phosphates β and γ of GTP.
The nucleotide-binding pocket from the septin proteins is highly conserved in sequence and structures,

allowing to compare and align a large number of structures from the PDB, especially the structure 4KVA which
is one of the rare GTP-bound septin structure available. A scheme representing an enlargement of this structure
in the vicinity of the nucleotide-binding domain is displayed in Figure 7E.
By sequence alignment (Figure 7D) and structure analysis (see Method section, Figure 7E), Thr37 was found

to interact directly with magnesium, buried in the G-interface between Cdc12 and Shs1 subunits. Lys36 is also an
interesting candidate given it is a flexible residue potentially interacting directly with both hydroxyphosphates β
and γ of GTP. The mutants Shs1Thr37V and Shs1Lys36A were thus designed, co-expressed with the other septins
and purified as protomers (Shs1Thr37Voct and Shs1Lys36Aoct). The different Shs1 mutants in the context of septin
oligomers were analyzed by electron microscopy followed by 2D image analysis (Figure 7F).
Both mutants were strongly destabilized, demonstrating that nucleotide binding is crucial for the stability of

the Shs1oct septin complex. Shs1Thr37Voct generated only 6.6% of intact octamers, 26.4% of heptamers, 38.9% of
hexameric complexes and more than 27% of shorter pentamers or even tetramers. The Shs1Lys36Alaoct complex
was even more dramatically destabilized since the analysis demonstrated that only hexamers were recovered at
best (14.5%). Pentamers represented 69.5%, tetramers and trimers represented, respectively, 23.7% and 2.3% of

Figure 7. Role of nucleotides and lipids in the oligomerization of Shs1oct.

(A) Self-assembly of Shs1oct wild type in solution in the presence of Mg2+ alone (left), or with a 4 mM excess of GTP (middle), and a 4 mM excess of

GDP (right)). Scale bars: 100 nm. (B) Self-assembly of Shs1oct wild type on the surface of a PI(4,5)P2 doped lipid monolayers in the presence of Mg2+

alone (left), or with a 4 mM excess of GTP (middle), and a 4 mM excess of GDP (right)). Scale bars: 100 nm. (C) Graph displaying the relative

distribution of the different ultra-structures obtained in solution (left) on lipid monolayers (right) with GTP or GDP or Magnesium. (D) Sequence

alignment of the septin P-loop domain for different species. The residues A32 found in shs1 is either a threonin or a serine in other organisms. The

residues K36 and T37, conserved, are also highlighted. (E) Structure (PDB code 4KVA) focusing on the GTP/GDP binding domain. The binding pocket

is shown displaying the interactions between the involved residues (T37 and K36), the magnesium cation and the nucleotide. (F) Histograms describing

the size distribution of purified Shs1oct protomers: Wild type (left), T37V (middle), K36A (right) including the mutation Thr37Val or Lys36Ala in Shs1

nucleotide-binding site is displayed in the chart at the bottom of the panel.
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the septin complex distribution. This 2D analysis showed that barely any Shs1 subunit was stably incorporated
within the complex. Indeed, from Finnigan et al. [53], Lys36 and Thr37 are localized within the p-loop of Shs1
which is crucial for the Shs1–Cdc12 interaction. This indeed explains why a low proportion of octamers is
recovered. In solution and polymerizing conditions, Shs1Thr37Voct assembled exclusively into individual short
rods (not shown). The interaction of SHS1 with nucleotides is, therefore, required to ensure the stability of the
Shs1 capped budding yeast septin octamer.
Taken together, our observations suggest that mutations affecting the binding of nucleotides directly to Shs1

monomer display a clear destabilization of septin oligomerization (Figure 7F). The effect of nucleotides on the
organization of septins results at least from the coordination between Shs1 and GTP/GDP.

Discussion
Septins are multi-tasking proteins and ubiquitous in eukaryotes. Their versatility results from the capacity of
septins to re-organize dynamically in vivo. To this end, the arrangement of septin subunits is modular. In
budding yeast, the central hexameric septin palindromic core can indeed accommodate at both ends either
Cdc11 or Shs1 [5,7,11,16]. The organization at nanometer resolution of the Shs1 octamer designated as Shs1oct
had not been described before, bound to a biomimetic membrane. Hence, we have proposed here to analyze in
details, using cell-free assays, how lipids and nucleotide binding can tune the ultra-structural organization of
Shs1oct. To this end Shs1 was co-expressed with Cdc3, Cdc10 and Cdc12 to be considered in the context of an
octamer. Indeed, in situ, the septins subunits co-localize with one another and are not relevant as single
subunits.
A specific and significant role of nucleotides for septin polymerization is still unclear. However, the stability

of Shs1oct depends on nucleotide binding. Indeed, we have shown here that point mutations (Lys36A and
Thr37V affecting the nucleotide binding to Shs1) preclude the self-assembly of stable octamers (Figure 7). As
shown previously [14], the stability of the Cdc11 complex is also sensitive to the coupling of septin subunits
with GTP and GDP. The combination of a biomimetic membrane, together with GDP in excess, enhances the
assembly of septin complexes and thus filaments by either facilitating the incorporation of free Shs1 subunits
present in solution or by inducing filaments from hexameric Shs1 less septin complexes. However, adding GTP
in excess is ineffective. In addition, wild type Shs1oct behave differently with GDP or GTP in excess on lipid
monolayers. As shown by Weems and McMurray [16], throughout the complex assembly, the Shs1 subunit dis-
plays an enhanced affinity for Cdc12–GDP rather than to Cdc12–GTP. This behavior would explain a more
efficient rescue of septin stability with an excess of GDP. Truncations within the long CTE of Shs1 alter the sta-
bility of Shs1oct as well, suggesting that the flexible CTE might be involved in inducing and stabilizing the
Cdc12–Shs1 contact (Figure 5). To finely analyze our observations, coiled coil secondary structure predictions
were performed using both MARCOIL and PCOILS. Both softwares agree on a coiled coil between residues
450 and 550. In addition, they detect, though with a lower probability and a lower redundancy between the
softwares, an additional and distinct coiled coil between residues 375 and 445. This secondary coiled coil
would accommodate most of the so-called linker domain (residues 350–445). Hence this might explain why
removing the linker domain and thereby the secondary coiled coil does not have the same impact as removing
the whole CTE. Those two coiled coils might, therefore, not have the same role in assembling higher-ordered
septin structures.
We have shown that Shs1oct, bound to lipids, can adopt a variety of ultra-structures recapitulated in Figure 8.

These filamentous organizations observed in vitro are supported by prior observations of similar filamentous
gauzes, rings and filaments carried out in situ [54,55]. In specific conditions (nucleotides in excess), we have
observed massive bundled filaments arranged into star-shaped morphologies (Figure 7). Similarly, enhanced
bundling was also observed by TIRF microscopy in the presence of nucleotides in excess [11]. Those ultra-
structures might not be physiological but they reflect the plasticity of Shs1oct protomers. Some of the observed
assemblies were already obtained without lipids (micrometric straight bundles or bundled rings, gauzes [7]
while others seem to be mediated by membranes. On membranes, single or paired filaments (100 nm long on
monolayer, micrometers long on vesicles) are visualized while bundled filaments are exclusively assembled in
solution. Thus Shs1oct compete, in the presence of biomimetic membranes, between lateral interaction in
between filaments and interaction with the membrane. Hence, in situ, Shs1oct, in the vicinity of the plasma
membrane might preferentially associate into networks of filaments rather than into aggregated bundles.
Besides, peculiar ‘wheel-like’ organizations, accommodating two Shs1oct, have been highlighted. Even though
those peculiar assemblies are clearly visible in the figures of published reports [7,42], they had not been
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commented. In vivo, those ‘wheels’ might stabilize septin protomers and thus prevent any aggregation of free-
standing cytoplasmic complexes and build up a pool of soluble Shs1 capped septin protomer. Indeed, in the
course of the cell cycle, septins undergo major re-arrangements and cycles of assembly/disassembly. Hence,
upon disassembly, soluble wheel-like assemblies might be preferable than aggregated bundles.
As opposed to Cdc11oct, Shs1oct does not exclusively bind to PI(4,5)P2. Indeed, Shs1oct self-organize simi-

larly on lipid monolayers doped with PIP, PI(4,5)P2 or PI(3,4,5)P3. To analyze in details possible molecular
cues that might account for the discrepancies between Shs1oct and Cdc11oct we have undertaken molecular
modeling assays and showed how specific and fine residue positioning could be responsible for these
differences.

Conclusion
Septin proteins display highly dynamic structures since they undergo major remodeling events in situ, for
instance throughout cell division. This plasticity is certainly regulated, in vivo, by multiple factors. It is thus
necessary to dissect their specific role to understand how septins are regulated. Following this strategy, we
chose to isolate Shs1 complexes in vitro and have demonstrated that a combination of factors (nucleotides,
lipids, ionic strength) are responsible for the plasticity of those septin protomers. They control and regulate the
self-assembly of the mitotic septin from S. cerevisiae, alone or in synergy. We believe that the biomimetic envir-
onment used in this study thereby reflects, at least partly, the role and behavior of septins within a cellular
environment.
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